
,.
-.

?

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICALNOTE4312

INTERNAL CHARACTERISTICS AND PERFORMANCE OF

AERODYNAMICALLY CONTROLLED ,VARUBLE -

DISCHARGE CONVERGENT NOZZLE

By JackG. McArdle

LewisFlightPropulsionLaboratory
Cleveland,Ohio

Washington

Jdy1958‘

AN

-—.

. .



TECHLIBRARYKAFB,NM

Illllnlllllllllllilllllllll
NATIONALADVISORYC(3WTTE3FORMRONAUTILU

Clllb7207

TECENICALNOTE4312

INE3RWLCHARACTERISTICSANDPERFORWIK3EOFANAERODYNAMICALLY

CONTROUE13,VlWKlXM&DISCHARG13comm

By JackG.McArdle

SUMMARY

I?OZZGE

Theeffectiveflow&meaofa convergentexhaust nozzlewasreduced
by injectinga high-pressuresecondaryjetintothenozzleneartheexit.
Analyticalexpressionsrelatingtheperformsncewithsignificantdesign
andoperatingvariablesweredeveloped,sndnecesssry experhnentslfac-
torswereevaluatedby usinga 4-inch-exit-diemeternozzlewithunheated
pressurizedairdischargedto theatmosphere.Theeffectiveflowarea
wasreducedasmuchas67percent,whiletheratioofactualthrustto
thethrustattainablefrcmprimexysndsecondaryisentropicexpansion

1+ was0.94orbetterinnesrlyallcases.Scmeoftheconfigurations,
g alteredto operateasjetdeflectors,producedsignificantvsluesof

sideforcebut,atthessmethe, operatedatreducedeffectiveflow
sxea..I

INTRODUCTION

Mcdernturbojetenginesoftenusevsriable-areaprimaryexhaust
nozzlestohelpkeepthrusthighands~ecificfuelconsumptionlowunder
alloperatingconditions.Nozzlesreausuallyisvariedbymechanically
adjustingtheexitto thereqtiredsizebymesnsof interconnected
leaves.However,theeffectiveflowmea of a fixednozzlecanbe con-
tinuouslyvsriedovera widerangeby suitablyinjectinga secondsryjet
intothenozzle.This.method,whichisequivalenttomechsmicslexit
vsriationmd couldelimhateproblemssrisingfranweight,complexity,
md actuatorpower,isreportedtobe inoperationaluseh France
(ref.1).

An investigationofthismethodofvaryingtheeffectiveflowarea
ofa convergentnozzlewasconductedattheNACALewislaboratory.(Ref.
2 givestheresultsof an independentBritishinvestigationofthistype
device.) Analytics3expressionsrelatingtheperformancewithsignifi-
cantoperatinganddesignvariablesweredeveloped.Theexpertients3.
coefficientsrequiredintheseexpressionswereevaluatedby usinga 4-

. inch-exit-dismeternozzlewithunheatedpressurizedairdischargedto the

m
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atmosphere.Primary-andsecondary-pressureratiosrsngedfrom1.6to
2.8sndfrom2.0to 7.7,respectively.Thesecondsxyjetwasinjected
withno axialmomentumthrougha continuouscircumferentialslot.For
saneteststhemodelwasalteredto operateasa jetdeflector.

APPAIWI’USAND INSTRUMENTATION

Models

Themodeltested(fig.l(a))consistedofthenozzlebody(fig.
l(b)),a shim(fig.l(e)or (f)),sndthel/4-inchor2-inchnozzlepiece
(fig.l(c)or (d))mountedtogethertoforma configurationhavinga slot
neartheexit.A photographof anassembledmodelis showninfigure
l(g).Secondaryairsuppliedfromsnetiernalsourcelimitedto 100
poundspersquareinchgsgesnd2.2poundspersecondwasinjectedthrough
theslotfrcmtheannularplenumchamberinthenozzlebody.-

Thefollowingtablesummarizestheconfigurationstested:

Model Slotwidth Slotcir- PrimsXy-
operation(shim

Secondsry-I
cumference, pressure pressure

thickness, a ratio, ratio,
x) dp Po Ps/Po

Variable- 0.018 360 1.6to 2.8

/ I

2.00to 7.72
discharge .033 2.00to 7.72
nozzle .051 2.00to 6.32

.092 2.00to 4.07

.118 2.00to3.19

.369 2.Oto 2.4 2.00to 2.50

.467 2.oto2.4 2.00to 2.50
Jet 0.103 180 1;6to 2.8 2.00to 3.18
deflector .250 90 I 2.00to3.20

.500 90 2000to3.20
●500 . 45 2.00to 3.20

,.

ExperimentalSetup

Theexperimentalsetup,illustratedinfigure2, canmeasureforces
inalldirections,butonlythethrustandyawcomponentsweresignifi-
cantinthisinvestigation.Thrustandyawaremeasuredastorquesabout
pivotpointsA andB, respectively,bymeansof diaphrsgm-typeforcecells
connectedtothesetupthroughflexuremenhers.
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Instrumentation
.

Boththe@mary endsecondsryairflowsweremeasuredwithstandsrd
ASMEorifices.Totaltemperatureswereobttiedfrm thermocouplesat
theorifices.Rbnsryinletpressurewasmeasuredby sneight-tube
total-pressuresurveyrskejustsheadofthenozzlebody. Secondary
inletnressurewasmeasuredlya csAibratedgsgeatthenozzlebody.

m Ambientpressurewasobtainedwitha barometer.N
$

lt!henozzlebodyandnozzlepieceswere
dismeterwall-pressuretapsasrequired.

PROCEDURE

Calibration

instrwnentedwith0.06-inch-

kl Theforce-messuringsystemswerecalibrated.withdeadweights.
% Leakageat thelabyrinthsealsurroundingpivotpointB (fig.2)was
.-Q measuredwithairfrcxaaqexternalsource.Theprtiaryairflowwascor-
d
K

rectedforthisleakage.

d Performance‘lests

Theperfomnsnceofeachconfigurationwasobtainedovera primary-
pressure-ratiorangefrom1.4to 3.0withsecondaryflowsfromzeroto
themaximunobtainable.Theexperimentallydeterminedfactorswerecom-
putedfrcmthesedataandfrommeasuredphysicalsreas.

ANALYSIS

Forconvenience,allsymbolssnddefinitions
givenb appendixA.

Thegeneral.patternofprimaryandsecondary
deviceis indicatedinthefollowingsketch:

Station 1 Exit o
I..

1“’’””~ I
WB

usedinthisreportare

flowsinthistypeof
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has

h operation,theforcenecessaryto
exitisfurnishedby theprimarygas.
thessmeeffectasan additionalwall

serveO torestricttheflow.

NACATN 4312
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turnthesecondaryjettoward —
Thereactionofthisforce “
wound theprimarygaaand

Inthefollowingsteady-statesnalysis,assumethat:

(1)Themeasuredprtisrygas Wp,~ expendsisentropicallysndone-
dtiensionallyto theupstresmedgeofthein~ectionslot,station1.

(2)

(3)

(4)

Secondarygas ws entersthenozzlewithno axialmomentum.

Bothstresmstogetherdo notfilltheexitstation.

Bothstresmsexpandisentropicallyendone-dimensionallyto
smbientpressure..atstationO (thus,thestreamsdonotmix).

FlowRates —

Theaxi~ pressureforcesactingontheflowbetweenstations1 ~d _
O are showninthefollowingsketch:

—

PIA1

Station1
Themomentumequationis

(PM= %%

-WycVl,p+ ‘yc Vo,p+ g~ Vo,s = PIA1- P&l

Rearrangementyieldsa expressionforthesecondaryweightflow ws
thatpermitspassageofprimaryflow ‘p,ac:

wp .Jvl,p - V()p)+Aldpl - P())
‘B = V(),s

(1)

(2)

—
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Becauseof losses(shear,mixing,etc.) h the
. uredsemndsxyweightflow Ws,m requiredto

5

actualsystem,themeas-
producethiseffectis

differentbya factorf thsnthatcomputedby equation(2). Thus,

<’

.

f
‘S,ac~
‘s

Effective-AreaRtiio

By definition,theprimary-nozzledischarge

(3)

coefficientCd is

Thessmeexpressioniswrittenfortheunrestricted-flowdischargecoef-
ficientCd,o snd,by division>

Cd

()
—= -l%L
cd,O ‘p,o ac

Bydeftiition,&ff = Cd&” ~erefore,

cd Aeff _
()
L

—’Acd,O eff,o ‘p,oac

By equation(2),theeffective-srearatio‘eff/Aeff,o

‘eff A1g(P1- PO)- ‘SV(),S
—=

4ff,o @p,oLc (Vo,p - Vl,p)

Therelation%etweenpl and V1jQ isfoundby using
tinuityexpressions.

Thrust

(4)

(5)

is

Fortheassumptionsmade,thesecondaryflowbyitselfproduces
sxialjetthrustonthesystem;sotheisentropicjetthrustis

F== ~VI,p +A1(P1- Po)

(6)

station1 con-

no

(7)
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where Vl,p ~d PI areisentropi.cterms.!Ihisrelationshowsthatthe
deviceactsasa convergentnozzleofexitarea Al thatexpandsthe .
prtiarygasto pl. Theexpressionforactualjetthrust,then,must
includea coefficientto accountforexpemionlossesup to station1.
Thus,

F
r
~ p,ac

z,ac= g L, p )
+ AIP1

Becauseofstiilsrity
tobe intheorderof

A measureofthe

to anunchokedconvefigent
0.98.

efficiencyofthisdevice

where,by rearrangement,

Fz,ac+ AIPO

WVl p +Alpl
Y

desirable.By definition, -

- AIPO

(9)

nozzle,C isexpected

inproduc~ thrustis
●

F
Thrustratio= z,ac (10) *

yv ‘s,ac
O,p+ g Vo,s

Thrustratiocanbe evaluatedintermsoftheprimary-gasquantitiesby
useofequations(8)and(2).

RESULTSANDDISCUSSION

Analytical:Vsxiable-AreaNozzle

~ thissectionthesecondsry-weight-flowratio /Ws,acWp,ac theo-
reticallyrequiredtoproducea giv~nprimary-nozzleeffective-arearatio
‘eff/Aeff,oisdiscussed,togetherwiththecorrespondingthrustratio.
(Forturbojetapplication,WS, ac/wp, ac wouldbe theratioofbleedto
tailpipeflow,ad &ff/Aeff,otheratioofeffectivenozzleflowarea
withsecondaryflowto effectivenozzleareawithoutsecondaryflow.)
Performsmceispresentedforprimary-pressureratiosfrom2 to 8,
secondary-pressureratiosfrom2 to 40,a primarytemperatureof1500°R;
endsecondarytemperaturesfrom500°to 2500°R. Computationsweremade
withtheuseofequations(2)md (10)by themethoddescribedin

.

appendixB. Thevaluesusedfornozzledischargecoefficientandspecific
heatratiosregiveninfigure3.

-.
●
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In figures4 to 6,thedashedcurvesshowperformancefor f’= 1.0,
andthesolidcurvesrepresentf = 1.1. Forallcurves,C = 0.98.
Thesenumbersarerepresentativeofthevaluesobtainedeqerimentally,as
showninthenextsection.Computationswerearbitrarilystoppedat
Aeff/Aeff o = 0.5,althoughvaluesas lowas 0.33wereobtained9
eqerimen+ally.

Effectofprimaryandsecondsrypressures.- Theeffectofprimary
sndsecondarypressureson the perfo~ce ofa devicehavingan injec-
tionslotat.theexitisillustratedinfigure4 forprimary-and
secondary-gastemperaturesof1500°R. 5U effective-arearatiosare
obtainedwithlargesecondaryflow.Foreachprimarypressure,the
secondary-weight-flowratiorequiredtoproducea giveneffective-area
ratioisreducedasthesecondarypressureis increased.

Thethrustratioisreducedalongwiththeeffective-srearatio.
When f = 1.0,thereductionis smallsndtheperformanceisacceptable
atsllprimaryandsecondsrypressures.However,thethrustratiode-
creaseswhen f = 1.1.

Effectoftemperature.- Theeffectof secondary-gastemperatureon
theperformanceofthisdeviceis illustratedinfigure5. Raisingthe
temperatureincreasesVO,s andreducesthesecondsxy-weight-flowratio
requiredtoproducea giveneffective-arearatio.Becausethiseffect
ismoresignificantwhentheeffective-arearatiois small,itmaybe
desirabletoburninthesecondsryforsuchoperation.

Thethrustratioisindependentof secondsry-gastemperaturesnd
isthesameaa h figure4(b).

Effectof injection-slotlocation.- Theeffectofthesecondary-
gasin~ection-slotlocationontheperformanceis illustratedinfigure
6 for1500°R primary-andsecondary-gastemperatures.Movingthe
injection-slotlocationupstremfromtheexitincreasesthesecondsry-
weight-flowratiorequiredtoproducea giveneffective-arearatio.
Thus,formostefficientuseofthesecondarygas,theinjectionstation
mustbe at thenozzleexit.

The thrust ratioisagainthessmeasinfigure4(b).

E~ertiental:“Variable-AreaNozzle

Thepressureswithinsndattheexitof oneoftheconfigurations
testedsreshownh figure7. Measuredwallpressuresagreereasonably
wellwiththosecomputedfrcmone-dimensionalisentropicflowrelations
exceptat station1. However,atthisstationthequantity
*vl,p +PIA1 isverynearlythessmewhenccsnputedwitheither
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themeasuredorisentropicwallpressure;thusassumption(1)ofthe
precedingsnalysisis’valid.Figure7 alsoshowsthatthepressurein
thevicinityoftheexitissufficientlyclosetopermitassumptionof
smhientwallpressuredownstreamoftheinjectionslot.

Basicperformance.- TheperformanceofaU theconfigurations
testedisgivenintableI,andtheperformanceofa typicalconfigura-
tion(slotwidthX, 0.051in.)isplottedinfigure8. Theeffective-
arearatioisbasedontheeffectim?sreaofthenozzleexit,andthus
thevaluesgivenaresanewhatgreaterthaziftheinjectionslothadbeen
placedattheexit.As showninfigure8,-forconstantprhary-pressure
ratio,theeffective-arearatioendthethrustratiodecreaseandthe
secondary-weight-flowratioincreasesas secondarypressureisraised.
Thedashedanddot-dashedcurvesinthefigureshowtheperformancethat
wouldbe obtainedat Ps/po= 6.32@ 2.5,respectively,for f = 1.0.
Thedifferencebetweenthesecurvesandthecorrespondingdatacurves
showstheextenttowhichfactorf reducestheperformance(forthese
configurations,f variedbetween1.03and1.22,as indicatedintable1).

Althoughnotshowninfigure8,theperformanceofthedeticewas
thesanewhenthe2-inchnozzlepiece(fig.l(d))wasmounted,except
thatthethrustratiowasfurtherreducedbecauseof shocksh thenozzle
piece.Theseshocksmightnothaveoccurrediftheflowpassagehsdbeen
divergent;however,no testsweremadewitha convergent-divergentver-
sionofthisdevice.

Theeffective-mearatiocsnbe continuouslyvariedby chsmging
eitherthesecondarypressureortheslotwidth,asshowninfigure9.
At constantsecondarypressure,theeffective-arearatiodecreasesalmost
linearlyastheslotwidthisincreased(fig.9(a]).Forconstantslot
width,theeffective-arearatioissmoothly,butnotlinearly,reduced
asthesecondarypressureis increased(fig.9(b)).

Evaluationoffactorf. - Thefactorf, evaluatedforeachtest
pointbymeansofeq~tions(2)end(3),wasempiricallycorrelatedwith
thestation1 velocityratio,aa showninfigure10. Station1 velocity
ratioVl,s/vl,Pistheratioofthesecondary-(limitedto sonic)end
primary-jetvelocitiesthatcouldbe obtainedwithisentropicprimary
staticpressureattheupstreemedgeoftheinjectionslot.Thefactor
f isnesrlyunitywhenthisratiois about2;whentheratiois5, indi-
catinghighsecondarypressureandsmalleffective-arearatio,f is
about1.15. It shouldbeemphasizedthatthesevalues wereobtainedwith
unheatedflows,zeroaxial.secondaryinletmomentum,anda continuous
injectionslot.Theeffectson f ofchangesintheseconditionswere
notdetermined.

.

—

w

“

.
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Evaluationof coefficientC. - ThecoefficientC,evaluatedfor
. eachtestpointbymeansofequation(9),isshownasa functionofthe

station1 velocityratioinfigureU. Withonlya fewexceptions,the
value0.98correlatesalldataobtainedwithin1 percentagepoint.

Evaluationof slotdischargecoefficientCd,slot”- Thevariationof
injection-slotdischargecoefficientCd.~lotwitheffective-secondary-
pressureratiois shownin figurelZ. E$fective-secondary-pressureratio
isthesecondarytotalpressurePs dividedbytheaverageslotexhaust

~(Pl+Po)●pressure,~ A singlecurvegeneralizesalldataobtainedwith
withaccuracysufficientfordesignpurposes.

Experimental:JetDeflector

A jetdeflectorcsnbeusedtoprovidereactioncontrolto augment
or supplsnttheforcesyroducedby conventionalcontrolsurfaces.The
aerodynamicnozzlewasoperatedas a deflectorby injectingthesecondsry
airin onlyonesideofthenozzlewiththeshimsshowninfigurel(f).
Thepressureswithinoneoftheconfigurationstestedinthismsnnerare

N showninfigure13. Onthesidecontainingtheslot,thewallpressure
$“ ishighbecausetheprimsryflowisrestricted.01theotherside,the

wallpressureismorenearlythatwhichwouldbe obtainedwithumre-
. strictedprimsryflow.Thus,a measurablesideforceisproducedby the

pressuredifferencebetweentheoppositenozzlewallsplusthesecondary-
jetmomentum.Theratioofmeasuredsideforce Fs to totalisentropic

jetthrust‘P:ac
Ws ~

Vo,p+ ; Vo,s is calledside-forceratio,while

thrustratiohasthessmemeaningasgivenpreviously.

Theperformanceof configurations operatedas jetdeflectorsis
givenintableII,sndtheperformanceofa typicalconfigurationis
plottedinfigure14. Thedashedcurvesinthisfigurerepresentthe
side-forceratiothatcouldbe obtainedby exhaustingthesecondaryair-
flowusedby the90°a, 3.2ps/po configurationthrougha convergent
nozzleintostillair. At lowervaluesof secondaryairflow,theside-
forceratioproducedby thisdeviceisgreaterthanthedashedcurves
becauseofthewall-pressureforces.As thesecondaryairflowisin-
creased,thiseffectis counteractedby reducedseccmdsry-jetmomentun
causedby theincreasedstaticpressureat station1. Figure14 shows
alsothattheeffective-arearatiois subst=tiallyreducedforsignifi-
cant values of
probablywould

●

sideforce;consequently,theuseofthistypeofdeflector
be limitedinusetoproducingtrimforces.

CONCLUDINGRIMARKS

. A simplifiedtheoreticalanal~is
effectiveflowareacsnhe obtainedin

showedthatconsiderablyreduced
a convergentefiaustnozzleby
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injectinga high-pressure,high-tem~raturesecondsmyjetintothenozzle
attheexit.Thesecondary-flowratetheoreticallyrequiredtoproduce .—
a giveneffectmustbe increasedby a factorf, intheactualcase,
becauseoflosses.Thethrustratio(ratioofactualthrusttothethrust
attainablefromprtiaryandsecondaryisentropicexpsnsion)dependson f
andisreduced2 percentbecauseofnormalnozzlelosses.

Theperformanceofa deviceofthistypewasexperimentallyinvesti-
gatedwitha 4-inch-exit-diameternozzlehavinga continuouscircumfer-
entialinjectionslot,unheatedpressurizedairdischargedto atmosphere, g
sndprimsry-andsecondsry-pressureratiosfrom1.6to 2.8andfrcm2.0 u
to 7.7,respectively.Theeffectiveflowareawasreducedasmuchas 67
percent,whilethethrustratiowas0.94orbetterinnearlyallcases.
Designcoefficientswerecorrelatedwitheasilymeasuredorccmputed
parameters.

Significantvaluesof sideforcewereobtainedby injectingthe
secondsryjetononlyonesideofthenozzle.Inmostcases,theper-
formanceofthisdeviceisbetterthsncouldbe obtainedby exhausting
thessmegasintostillair. Thereductionofeffectiveflowarea,how-
ever,issolage astoprobablylimitapplication.

LewisFlightPropulsionLaboratory
NationalAdvisoryComnitteeforAeronautics

Clevelsnd,Ohio,April18,1958
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A

c!

cd

F

f

P.
R

T

v

w

x

.a

e

area, sq ft

experimentally

APPENDIXA

SYMBOISANDDEFIN131101E

Symbols

determinedcoefficient(seeeq.(9))

dischargecoefficient

forceorjetthrust,lb

expertientallydeterminedfactor(seeeq.(3))

accelerationdueto gravity,ft/sec2

Machnmber

totalpressure,lb/sqft

staticpressure,lb/sqft

gasconstsnt,ftj%

totaltemperature,%

velocity,ft/sec

weight-flowrate,lb/see

shimthickness,in.

slotcircumference,deg

ratioof specificheatsat

ratiooftotalpressureto
2116lb/sqft

ratiooftotaltemperature

totsltemperatureoffluid

NACAstandsrdsea-levelpressureof

toNACAstandadsea-leveltemperature
of 516.7°R

s Subscripts:

ac actual
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e

eff

id

o

P

s

s

slot

w

z

o

1

‘eff

exit

effective

ideal

atunrestrictedflowconditions

primary

side(perpendicularto axialdirection)

secondery

slot

wall.

inaxialdirection

ambient,or stationatwhichflowhasexpanded
to smbientpressure

stationatupstresmedgeof injectionslot

Definitions

cdAe

Aeff/Aeffo effective-sxearatio,ssmeas cd/cd,O)

cd at sqmepressureratio,theratioofactual
correctedflowperunitofactualexitmea
to one-dimensionalisentropicflowyerunit
ofactualexit=ea (minimumareaatexit)

‘s mcmentaboutpivotpointB dividedby distsnce
betweenpivotpointB sndnozzleexit

F= isentropicaxialjetthrust

Fz,ac actualaxialjetthrust

Fz,ac thrustratio
hvo p +W%ac
g ~ Vo,s)

.r

.

.-

.
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!$pPo

p~/P()

‘P

‘p,ac

‘s

Ws,ac
‘s,ac/wp,ac

(w~Ae~)ac

13

primary-pressureratio

secondary-pressureratio

primary-weight-flowrate,computedfrcmone-
dimensionalisentropicflowrelations

actual(measured)primary-weight-flowrate

secondary-weight-flowrate,ccmputedfrcmone-
dimensionalisentropicflowrelations

actual(measured)secondary-weight-flowrate

secondary-weight-flowratio

correctedflow@r unitofactualexitarea

.

R

.



14 NACATN 4312

APPENDIXB

METHODOFSOLVINGEQUATION<2)

Firstchoose dp PO)Tp>Yp>% ‘d Cd,o” Solveby anyconvenient

methodfortheum?estrictedweightflow Wp,o intermsof PO and
Ae. tiaddition,chooseA1/Ae and wp/wp,o.Solvefor Ml,us~g

fromwhich

( yp-l )-rp/Y-p-l
PI=Ppl+~M~

(Bl)

(B2)

ChoosePs/po,Ts,ys,end R . Find VI p,V. ~ and V. ~ by using
w

s
P1/pp>Po/pp)e.udp /P , respectively.0s ;efere~ce3 ishe<pfulinmaking -

thesecomputations.Finally,substituteallte?nnsinequation(2]end
solvefor w~.

1.

2.

3.
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TABLE1. - PERFORMANCEOF VARIABLE-DISCHARGEEXHAUSTNOZZLEa

[Thistablecontainsall configurationsforwhichvaluesof f, C,
and cd,SIOt are reportedherein.]

u

.

.

.

slot
width
in.

0.018

r
G

v
).051

T
1.092

f
,.118

!
.569
L
.467

1

iecmdmq
)lwssure
~atio,

P/P.

7.72

I
6Z2

I
4.24

I
2.50
+

2.CXJ
7.72

I
6.32

I
4.22

I
3.18

I
2.50
+

2.00
6.32

I
4.24

I
3.16

I
2.50
+

2.03

r

4. 7

3.17

1
2.50

1
2.IXJ
f

3.19

1
2.50

J
2.00

:R
2.S3
2.50
2.02
2.W

N
2.4
2.6

M
2.4
2.8

;::
2.4
2.6
2.0
2.4
2.0
1.6
2.0

H
1.6
2.0

:::

:::

:::

M

:::
2.0
2.4
2.0
1.8
2.0
2.4
2.6
1.6
2.0
2.4
2.6

:::

::$

:::
2.0
2.0
2.4
2.6

:::
2.8
1.6
2.0
2.4

:::

;::
2.4
2.6

;::
2.4
2.0

:::
2.4

=:;
2.0

Secmdary-
weight-fIo
ratio,
“B,RJ% ,,

0.150
.063
.069
.037
.106
.070
.053
.043
.062
.042
.031
.027
.Ozl
.014
.014

0.373
.204
.146
-us
.256
.162
.11o
.066
.H.9
.067
.065
.CLS4
.064
.066
.043
.035
.040
.029
.023

0.638
.300
.203
.154
.270
.1s6
.113
.069
.165
.102
.073
.054
.068
.044
.039

0.356
.235
.167
.=5
.147
.064
.242
.l?ll
.080
.144
.066

0.615
.299
.187
.lzs
.338
.165
.09.s
.067

0.253
.215
0.313
.317
.282
.229

Efeotive-
wea rati<
Lfr/Aeff,

(b)

0.501
.74s
.82s
.866
.86S
.762
.666
.898
.770
.873
.9S2
.255
.965
.991
.22s

0.43$
.615
.716
.773.
.513
.674
.769
.Wl
.638
.776
.65s
.268
.738
.65s

:%
.916
.666
.972

0.322
.539
.660
.736
.514
.666
.78s
.638
.622
.773
.659
.605
.842
.632
.942

0.520
.650
.740
.647
.764
.24s
-572
.756
.878
.69S
.67S

0.366
.572
.712
.607
.307
.n6
.847
.850

0.6s9
.714
0.666
.655
.678
.713

rhrum
ratio

0.935
.961
.963
.972
.949
.659
.939
.967
.945
.951
.954
.966

Withl/4-inOhnozzle piecemounteddownstreamof Slot.

kmri
rental
‘actor

f

mot
Usohu@
merri-
:ient,
‘%,slot

0.977
373
.970
.961
.650
.946
.944
.957
.939
.936
.933
.820
.615
.755
.746

0.960
.960
.960
.943
.256
.957
.956
.630
.948
.946
.945
.236
.8%
.863
.82s
.662
.B75
.762
.728

0.976
.976
.973
.665
.966
.665
.959
.945
.952
.93Q
.932
.763
.875
.831
.710

0.963
.958
.203
.625
.200
.747
:902
.639
.721
.224
.652

0.916
.8S6
.642
.74s
.861
.796
.660
.644

0.462
.431

0.429
.426
.416
.361

b%rrlbrf, 0 ~~ m“k- Injecticmatntlmat 1.03 ~.
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TABLEII.- PERFORMANCEOFNOZZIEaOPERATEDAS A JETDEFLECTOR

slot
width
in.

slot
circum-
ference,

dt;

Secondary-Primary-
preemre
ratl.o,
P~po

:::
2.4
2.8

1.6
2.0
2.4

;:;

Ratioof
t3econdarytc
unreatrlcte~
prImary
weightflow,

Side-
fm ce
ratio

rhrusl
?at10

3ffect~ve-
3rearatio
‘eff/AefS,

Seccndar~
weight-
flowratio,
‘s,ac/wp,ac

pressure
ratio,
PJpo

ws,ac
w’ .—

(b)

0.103 180 3.16 0.1o4
.079

0.175
.109
.064
.031

.135

.075

.026

.095

.034

1.930
.947
.961
.972

.942

.948

.952

.9.41

.953

0.650
.782
.857
.900

0.160
.101
.070
.0531

2..50

.061

.047

.079

.056

.038

.058

.035

.738

.856

.923

.820

.930

.109

.066

.042

.069

.038

0.250

f
0.500

1

90 3.20 1.6
2.0
2.4
2.8

1.6
2.0
2.4

;::

;::
2.4
2.8
1.6
2.0
2.4
1.6
2.0

0.120
.088
.066
.048

0.231
.152
.102
.064

.181

.108

.058

.131

.065

).888
.926
.947
.956

.920

.950

.962

.934

.953

0.656
.785
.854
.901

0.185
.113
.076
.054I

2.50 .086
.058
.037
.059
.032

.738

.853

.921

.824

.929

.118

.067

.040

.072

.029

I
2.00

90 3.20

I
i2.50

1
2.00
+

3.20

0.219
.156

0.297
.199
.134
.088
.236
.139
.078
,166
.081

X179
.125
.084
.056

.143

.088
i052
.110
.056

1.809
.896
.930
.949
.914
.930
.947
.920
.920

.876

.926

.996

.953

.905

.942

.955

.934

.950

0.555
.705
.790
.854
.654
.792

0.389
.224
.147
.100
.237
.132
.075
.146
.099

.115

.085

.157

.104

.067

.105

.060

.880

.753

.881

3.500

v

45 1.6
2?.0
2.4
2.8

1.6
2.0
2.4

;::

0.110
.080
.060
.044

0.733
.828
.884
.919

0.152
.098
.066
.047I

2.50

I
2.00

.079

.052
.800
.889
.932

.099

.059

.038

.063

.032

.035

.053
—

.

.

.852

.938.036
iwlth ~/d-inch nozzle piece mounted downstreamof injec~lonslot.
)A /“eff‘eff,obasedon J%” InJectionstationat 1.03 ~.
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?1%!
HOZZIEpiece (fig.

1(G) M? (d))j 1/4-
in. nozzle pieFe
tilmre

I q

A . .

Shim(fig.l(e) or
(f)); shim for verl-

+-+’ /// - able diBti@ nozzle
shuun tie-

I
w. awttiA-A

(a)Amembly.

latter“H”drillthrOu@I,
5/FMW16xl 1/8 long tap
eaohd; 8 holes
elplallyEre.c6das &~”’’1+”Y””(r””)~ig22:iz+-a

w ‘Lg 3...,
I

(b) 8*1 mzzle body.

Figvre 1. - 14x%31used in experimental part of investigation. (KU IMMnflicnw
in imhes .)

$
P
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7/16lh’u.l‘chrOuglq--it-o””8holeseqmUy 6p9ce6

@

IF

*7

(ref.)

~~

i !!:!!
~~g

G3d

L’

A

(c) Heel l/4-@h mzzle Piece.

7/16 IMll tlnw@;

F

9
10
u

(e) - used in varhblc-dlaclkwge-
mml.a invetilgation. Ccqresd.ble
material;tilicblmsmm.!mmuaf’kar
mswblym

~mol 7/16cl-illtbrlnlg@
8 ?uLesequally6p3d
—

~tmmsmd
(d)9tael2-M mzzlepleoe.

M-tlsMm
Ithick-I

n?18B0>
x, in.

1 16
2 :033
3 .Om
4 .092
5 .11J3

.559
; .4fl

M.., Iftm-mej

w
(?;)s m- d Jet-aeflwtorjJlv.6tl.-

Cmpesdbla material;tMck-
mss m?amred .5ftm aasembly.

Mm 1.- Contimmd. Wd131 wad m erparlmmtalx d Investigation.(AllaimmE10n6
inimks.)
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Nozzlebod~-

19

.

(g)Assembledmodel.

Figure 1. - Concluded.Modelusedinexperimentalpartof investigation.
(Alldimensionsininches.)
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throttle valve
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m38mzcimg ortiice

Blexible

hoseFlexibl
bellow

I
. II II

_ Pivot‘point A m u u

II Detailof pivot wlnt B

Sise-fnrce
--.——,——LJ —

– ~ PivotpointB
mutbmls~
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(seedetail)
plain

J

?

Frimry-inlet-
4.5” peemre tcamm-

. 55.4” insplane
i

– ‘lg’~-a6

4 ‘% ‘“rceae”’ti? k=”’

I

A
counter-
weight.
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/
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tlmrbtlevalve viewA-A
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/

t 1 1 1 t 1 1 1 I

1 2 3 4 5 6 7 8
R%mry-premmre ratio,PJpO

(EL) Nozzle Mscharge coefficient. 8° Conicalconvergentnozzle.

1.4

‘id

— _

3 Z-5+
~ _

~ g$

1.2
800 1200 1600 2000 2400 28CQ 3200

Total temperature,OR

(b)Ratioof specificheats.

Figure 3. - Relatiom between dependent variablesuse?iin analytical computations.
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.

EmEffectiwwaree
G ratio,
0’1.00P %fl%f,o

a
R:tioof

t

Factor,
r

1.1
——— . 1.0 i

\’ \ ~ \
\ . - ._ .5

\

. . —— .7

. — .8
— .9
1 3 5

secondarytoru%m-ytdd Pressme,

p. 5
— — .9

.8

.7
I .6

.5

\

\
\

-
-.5

-.6—

~ — — — —
— .7

1— .8
.9

1 3 ~~-

—.——

(a) Prhary-pr..sure (b)Priinery-presmxe (c)mimary-wesswe
ratio,2.0. ratio,5.0. ratio, 8.0.

Figure4.-Effectofprlmxryendsecederpressurescmperformance.Te= Tp= MOO”R;
~~.Tp. 1.35;R..~. 53.3faetperh; Al-&; C= 0.96.
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1.0, , , r , , I 1 I I

.8 \ \
——— — 1.0

‘\\ \\
.6

\ .\

\ \ EHectlve-ama
ratio,\ \

\ %+eff,o ‘\

8econdwy-Jet totaltemperature,%

F&me 5. - EfYect of aeeanclary-~ettotaltemperaturem perfonnmce.
PJ~ . 5.0; P~Pp= 3.0;~= HOR; Tp== LS5; R~ = 1$= 53.3 feet

K ~; Al= ~; C= 0.98.
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$’
●

✌

6 I I
Factor, I

f Effective-
arearatio,

1.1 Aeff/Aeff,o
——— — L o

!4 — -0.6-

_— —- “
—

— —~

,2

:.8

— —

0
1.00 1.02 1.04 1.06 1008

tijection-stationarearatio,A1/Ae

Figure6. - Effectof injection-slotlocationonper-
formance.PJpo = 5.0;P~/Pp= 3.0;Ts= Tp= 1500°R;

YS=Tp= 1s35;Rs= ~= 53.3feetl?er%;C= 0.98.
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%,ac

%

%>ae
.- —–+-

t
PP WS,LC

FFFT“n
FF 6.32

–: 4.24
“A 3.16
v 2.50
P 2.00

~. withvaluesnoted 1
II

Thruet ratio
-for Wp,=

and f.l. o

.8 .98
/J
I .. A

?
c

.6 /

flowratio - *M

.4-

.2 “ .92-
hw

o -
1

.90
2 3 1 2 3

-“axy-messurerdo, P~~

(a)Effective-araara’do. (b)8econdery-weight-flowratio. (c)Thrustratio.

Figure8.- Performanceoftypicalnozzle.T~= Tp~ S30°~ slotwldti,0.051in.;length
downstreamof slot,0.25in.;A~& = 1.03. -.
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b

1
1.

&
-P
c1a)

5

I 1
Ws,ac

I
‘P3= +k –x
-— -~-– —

Pp

0

8 \

\
Pf~ Po

6- \ \

3.2
6.3

4
0 .04 .08 .3.2

Slotwidth,X, in.

\

\ .

\
“0.033

~.082
\
.051

2 4 6 8
Secondary-jressureratio,PJpo

(a)Slotwidth. (b)Second.sry-pressureratio.

Figure9. - Methcdsofvaxyingeffectin-arearatio. Primery-pressweratio,
2.0. DatatakenfrcuntableI.
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‘--H---I‘5iiTH-Fw
1.4 0 7.72

6.32
; 4.22
A 3.la
v 2.50
D 2.00

1.2

c>
❑

o
A

u
v

1.0

.8
1 2 3 4 5 6

Injection-stationinletvelocityratio,V~,~/V1,p

Figure10.- Evaluationofexpertientalfactorf
forallslotwidths.Ts~ Tp~ 530°R.
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1.00

.98

,96

Secondsry-
pressure
ratio,

PJpo

1
Tnject~on-station3Met

FigureU. - Evaluationof
forallslotwidths.Ts

4 5 6
~20cityratiojVI, S/vi, p

egrimentslcoefficient,C
= Tp= 530°R.
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Figure 12. - Evaluation of slot discharge coefficient.

T~ & Tp~ 530° R; 1.6~P~po~2.8; 2.0~P&~7.72.
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,. .

. .

(

Ws,ac 6econdary-slot

1,+Fs pressure circlml-
ratfo, ference,

‘+!5E!EEE:$f&: ‘;i
c1 ——— —Side-fgrce ratio for

ViewA-A”-– “ii at
~e,ac e)~

‘s/po.= 3.2>a=gool
exhaustedtoatmos-
pherethroughcon-.’,,.. vergentnozzleset“. ... 900tolongitudinal

,... axis
1.0

+
.2$

: “9&-
3

/

/ !

.8

.,
0 .04 .0’? .x? .lE ..0 : ,04 .12 .16

“m/(wp,O)acRatioofsecondarytounrestrictedprima.ryweightflow,w~,w

(a)Prkary-pressuraratio,?.0.

FiCure14.- farformenceofnozzleoperatedasjetdeflector.Ts~ Tp~ 530°R.
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(b) Prtiery-pressureratio,2.8.

Figure14. - Concltied.Performmceof nozzle operated as jet
deflector. TB~ T ~ 530°R.
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